The Quantum Theory of Atoms in Molecules, due to Bader, is applied to periodic systems. Results for molecular and crystalline urea are presented. Changes in both bond critical points and atomic properties due to changes of chemical environment are described. A rationale for the different lengths of the in-plane and out-of-plane hydrogen bonds and for the lengthening of the CO bond in bulk urea is provided in terms of the properties of the Laplacian of the oxygen atom electron density distribution. An evaluation of molecular and atomic volume changes indicates that the decrease of molecular volume upon change of phase from gas to solid originates primarily from a contraction of the atomic basins directly involved in hydrogen bonds. Other atoms show a small expansion. The considerable decrease of oxygen and hydrogen atomic volumes is related to the mutual penetration of their van der Waals envelopes following hydrogen bond formation. The results confirm that urea is more polar in the solid phase.
I. INTRODUCTION
The Quantum Theory of Atoms in Molecules (QTAM) (Ref. 1) has been widely used ' and, with few exceptions,3 has received general acceptance. Discussions of its usefulness and validity have appeared.3*4 The effect of electron correlation on the topology of the electron density has been documented.5 Among the most recent applications of the QTAM we mention its use to improve the evaluation of magnetic properties,6 to allow a physically sound interpretation of density current fields,7 and to develop the chemistry of cohesion and adhesion within and between materials in their bulk state.8 The QTAM has provided an evaluation of the optimal form factors in x-ray analysis, ' and topological analysis has been appliedlO'l' to experimental electron densities, as derived from x-ray data interpreted within the context of aspherical models." The QTAM permits the investigation of chemical systems on a common basis,2,8*13 as the theory uses only information contained in the electron density p(r). The theory may thus be used for molecules, polymers, surfaces, and solids; the electron density may be described in terms of local (e.g., Gaussian) or nonlocal (e.g., plane wave) basis sets, or even numerically. A unique atomic partitioning of and procedures for a topological analysis of the electron density are defined.
We have developed a computer program to perform the topological analysis of the electron density of a periodic system. In the present work we present a first application of our program to the urea molecular crystal. This system has been investigated,14 as a test of the possibilities of the ab initio Hartree-Fock (HF) fully periodic approachI in treating molecular crystals. For hydrogen bonded molecular crystals, such as urea, the main contributions to the intermolecular interaction energy are due to electrostatic interactions, particularly concerning hydrogen bond (HB) formation, and exchange repulsion terms, which are both well accounted for at the HF level. Dispersion forces are expected to provide a minor contribution in the present case. A parallel study of the isolated urea molecule is also presented.
II. COMPUTATIONAL DETAILS
Our implementation of the QTAM (called TOPOND) has been interfaced to CRYSTAL92.16 The latter is a suite of programs for the calculation of the electronic structure of systems periodic in three (crystals), two (slabs), one (polymer) dimensions and, as a limiting case, molecules, using ab initio Hartree-Fock theory and a local (Gaussian) basis. TOPOND has been implemented as one of the options of the CRYSTAL92 properties program. The electron density at a point r is given by p(r)= C C Pf,7hxKr)x~ (d, g,h ki (1) where P denotes the one-electron density matrix in the local basis and g and h span, in principle, the infinite set of translation vectors.
A. Location of the critical points
The critical points (CP) in the electron density and its Laplacian are the points where Vp(r) and V[V2p(r)] respectively vanish. ' In the case of the electron density, given the number of neighbors (NNB) of each of the nonequivalent atoms (NEQA) as a parameter, the program finds the number of unique atom pairs among the NEQA*NNB pairs, which is further reduced to the number of considered pairs using a threshold for the internuclear distance. The search for the CPs is then performed using the Newton-Raphson algorithm, as in the PROAIMV package,17Y18 starting from the midpoint of the internuclear axis. If no CP is found, the starting point is displaced along the internuclear axis. The displacement in either of the two directions is proportional to the internuclear distance of the atom pair under investigation. In most cases this procedure allows for the automatic recovery of all the bond CPs (BCP) corresponding to both intramolecular and intermolecular interactions. A BCP is such that the density attains its minimum value along the bond path, a line connecting two nuclei where p(r) is a maximum with respect to any lateral displacement from the line.' BCPs are also denoted (3,-1) CPs, where the first number in parentheses equals the number of nonzero eigenvalues, or principal curvatures, of the Hessian of p(r) at the CP, while the second is equal to the sum of the signs of the three eigenvalues. The two negative curvatures are associated with eigenvectors which define an interatomic surface orthogonal to the bond path at the BCP, whereas the positive curvature is associated with an eigenvector defining the bond path at the BCP. Three other kinds of CP, corresponding to local maxima, local minima, and local minima on a surface and maxima in a direction perpendicular to this surface at the CP, can also be recovered by the procedure outlined above. They are referred to as (3,-3) , (3,+3) , and (3,fl) CP, and are associated with the non-nuclear attractors,1*19 cages, and rings of the molecular structure,' respectively. Quite obviously the (3,-3) critical points associated with each nucleus are not generally recovered by the automatic procedure.
Due to the differing characteristics of the density and Laplacian scalar fields, the procedure for the location of the CPs of the Laplacian is conceptually different. For each of the nonequivalent atoms the Laplacian CPs are sought using a Newton-Raphson algorithm starting from points located on the surface of a sphere, centered on the associated nucleus. The number of starting points is determined by the intervals chosen for the polar coordinates 13 and 4. By default, the radius is taken to be equal to the distance from the nucleus to the spherical surface where -V2p(r> attains its maximum value in the valence shell of the isolated atom. The choice of different radii permits exploration of other regions of atomic shell concentration or depletion' or to take into account the changes in the size of the valence shell charge concentration (VSCC) (Ref. 1) caused by the considerable charge transfer found in some solids, such as ionic crystals.
B. Atomic surfaces and integral properties
Integral properties'*'8 have been computed. The calculation of the properties of atoms in crystals requires a definition of the associated surfaces bounding the atoms. The volume associated with an atom a, (the atomic basin), is defined as being enclosed by a surface defined by the boundary condition
where n(r) is a unit vector normal to the surface at r. The atomic surface is determined indirectly, according to an algorithm proposed by Keith2' which exploits the following property of the surface: "the finite points of intersection of a given integration ray with the atomic surface satisfy the local condition that the nuclear attractor of the Vp(r) trajectories intersecting the ray changes, from the nucleus of the atom to another nucleus or vice versa, as the ray passes through these intersections." The time required to determine an atomic surface is then proportional to the number of angular points, and the algorithm turns out to be more costly than that used in PROADIV." However it overcomes the problem of determining accurately atomic surfaces for atoms bounded by surfaces with many critical points or "near critical" points in the electron density field. These conditions are more commonly the rule than the exception in the case of crystals. Also, in contrast with the molecular case where it is possible to consider all the atoms as possible attractors of a given trajectory, one must define a subset of the atoms of the crystal. Clusters of up to 40 atoms had to be considered in the urea crystal. Given the atomic surface, properties such as atomic moments (including the charge) are evaluated by numerical integration2' using a coordinate system centered on the nucleus of atom. To reduce the computing time the following techniques have been explored: (i) the generation of an initial guess for the points of intersection of the integration rays with the atomic surface using the intersections obtained with a wave function constructed using a small basis set; (ii) the reduction of the number of angular grid points by using quadrature formulas on the surface of the unit sphere, instead of separate formulas for 0 and +;21 and (iii) the determination of the intersections of a small and uniformly distributed subset of the integration rays as a guess for the starting points of the remaining intersections.20 More extensive technical details will be published elsewhere. The evaluation of atomic properties is affected by numerical errors which are in our case mainly due to the limited number of angular quadrature points. A compromise between computing time and precision has been adopted and the corresponding results are reported in Table I . Listed under the heading lLnl are the absolute values of the atomic integrals of the Laplacian (multiplied by 10 000), which should vanish because of the boundary condition imposed on the atomic basins by Eq. (2). The worst case is that of the carbon atom in bulk urea. However the total number of electrons per molecule in bulk urea differs from the theoretical value by less than 0.005. The number of angular points used for the integration of each unique atom, in the bulk and in the gas phase, is also reported in Table I. C. The derivatives of the electron density
The derivatives of the electron density to second order [for the topological analysis of p(r)] or up to fourth order [for the topological analysis of V2p(r)] are evaluated analytically as follows. The electron density, Eq. (I), may be rewritten2* as a linear combination of Hermite Gaussian functions (HGF); the latter can be defined as a product of three factors, hijk ('Y,A,r) =Xi( a,A, ,x)hi( a,Ay ,y)XJ a,A, ,Z>, (3) where & and A denote the exponent and centroid, respectively, of the HGF, and Xi(a,A,,
Recursive procedures for the evaluation of the expansion coefficients of the electron density in terms of the HGF are known for Cartesian23 and sphericai harmonic24 Gaussian basis sets. We note that tion energy which amounts to 17.4 or 21.8 kcal/mol when OG or CG urea, respectively, are considered as monomers. These results are affected by less than 0.1 kcaYmo1 by counterpoise estimates3' of the basis set superposition error.
A. Charge transfer
Thus a derivative (of any order) of the electron density with respect to the components of the position vector, r, can be evaluated from values of the HGF (of appropriate order) at that point. The value of a factor of a HGF can be found from the recursion relationship,23,24
where it is necessary to adopt the convention that X-,(&AA, ,x)=0.
D. Geometry and basis set
Standard25 molecular basis sets (6-31G**) have been adopted in the present study. The crystal structure of urea (space group P42,m) was taken from a very accurate neutron study,26 as in previous work.14 The molecules are linked to each other through HBs between H7 and 0 atoms (O-H7 length 2.06 A), to form infinite planar tapes (the atomic numbering scheme for two molecules within a tape is shown in Fig. 1 ). Adjacent tapes are mutually orthogonal and oriented in opposing directions; their cohesion is provided by the HBs of the H5 atoms with the facing oxygen in the neighboring tape (O-H5 length 1.99 A). Hence each oxygen is involved in four HBs, two within the tape, and two with neighboring tapes, giving rise to a relatively high experimental sublimation energy [21?0.5 kcal/mol (Ref. 27) ]. Computations on the urea molecule at the crystal geometry (CG) and the optimized geometry (OG) within the CzU symmetry constraint were also performed, for the sake of comparison with bulk results.28 Geometry optimization was performed with ~~ussIAN92 (Ref. 29) using spherical harmonic Gaussian functions, to ensure compatibility with CRYSTAL92.
The formation of HBs in the crystal induces changes in the atomic electron populations, No, which are the sum of contributions that arise from the change in volume of the atom as the BCPs move (surface term) and changes that take place in the electron distribution within the atomic basin (basin term).31 All the heavy atoms gain electrons at the expense of the hydrogens in the bulk, see Table I The quality of our basis set and of the corresponding wave function can be inferred from the computed sublima- where rn denotes the position of nucleus of the corresponding atom, the integral being over the atomic basin. The total dipole moment of a neutral fragment is given by34
MT=~
Mn+M, 63) n where the charge transfer (CT) contribution, M,,, is
where Zn denotes the nuclear charge. Table II lists the atomic dipole moments for urea in the gas and solid phase. Because of the fields created by CT, the atomic charge distributions become polarized in a direction counter to the direction of CT. Thus in the urea molecule the oxygen atom polarizes towards the positive carbon atom, while the H atoms polarize away from the negative N atom. In the urea molecule the oxygen centroid (computed from -Mrr/Nn) is displaced 0.065 a.u. towards C and the H5(H7) centroids 0.308(0.300) a.u. along N-H axes and away from N, these values are lowered to 0.052 and 0.282(0.292) au. in the bulk. A slightly greater decrease is found if OG urea is taken as reference. Crystallization is thus accompanied by a reduction in the atomic polarizations. However, the magnitude of the dipole moment is considerably increased in the bulk, because the CT contribution increases its magnitude. The reduction in the atomic polarizations on passing to the bulk serves only to slightly enhance the effect (because the atomic polarization term opposes the CT term). Listed in Table III are the values Qn of the component of the atomic quadrupole moment for an axis perpendicular to the molecular plane. A negative value for a component implies an accumulation of charge along its associated axis.
The reported values indicate that, independent of phase, the electrons preferentially accumulate in a direction perpendicular to the molecular plane. However, following crystallization, both 0 and N increase their sphericity as a result, for the 0 atom, of a more uniform concentration in the non bonded regions and, for the N atom, of a transfer of charge from the out-of-plane lone pairs to the C-N bond region.
B. Properties of the BCPs
Parallel to the observed charge migrations, there are interesting changes in the nature of the chemical bonds (Fig. 2  and Table IV) , which are discussed first considering CG urea as reference. The BCP displacements are, as expected, lower for ionic interactions (C-O), than for the more covalent ones (C-N,N-H).
The latter are characterized by a lower curvature of the electron density (1,) parallel with the bond path and the BCP can accordingly be displaced more easily by the perturbation caused by the neighboring urea molecules. This perturbation induces an approximately 40% reduction of the parallel curvature of the C-N bond and a less noticeable increase of the same curvature for the other bonds. The principal curvatures perpendicular to the bond path, At and X2, which are associated with the corresponding eigenvectors of the Hessian of the electron density at the BCP (X, GX2GX3) are affected to a lesser extent by the change of phase and the orientation of the plane of maximum charge accumulation is preserved. This plane is defined by the two eigenvectors corresponding to X2 and X3 at the BCP and was found to be perpendicular to the molecular plane for all the bonds. The changes in the bond ellipticities (e=X,/X,-1) and electron density values, pb , at the BCP show the opposite trend with respect to the changes in the parallel curvature, since E and pb increase for the C-N bond on passing from gas to bulk, 
Changes in the topological properties at BCPs on passing from C,, urea molecule to the bulk (left, crystal geometry; right, RHlV6-31G** optimized geometry). (a) BCP displacements and electron population changes. Arrows are directed according to the observed BCP displacement and their length is proportional to the percentage variation of the BCP distance from the nearest nucleus to the origin of the arrow. Numerical values refer to changes (bulk-molecule) in the atomic basin electron populations (see Table  I ). while they decrease for all the other bonds. The changes were found to comply with a strengthening and an increased covalent and rr character of the C-N bond, whereas the other bonds become more ionic on passing from gas to bulk. The changes are similar to those found comparing CFD vs formamide regarding changes in pb and E of the C-O and of the N-H bonds involved in HBs.~* However while the C-N bond ellipticity is doubled in bulk urea with respect to the molecule, it decreases in CFD as nitrogen experiences a decrease in its electron population upon dimer formation. Two different HB CPs are found in the solid as expected on the basis of the urea crystal structure. The topological properties at the HB BCPs are in agreement with the description found for such interactions in gas phase adducts. As anticipated for closed-shell ionic interactions35 and in accordance with the Pauli principle, charge is removed from the interatomic surface resulting in low &, values, one order of magnitude less than for intramolecular bonds, and positive v*& values, with small and nearly eqUa1 perpendicular curvatures and a comparatively large parallel curvature. It is interesting to note that the preferred plane of charge accumulation in the molecule (z-plane) extends over each infinite planar tape of urea molecules in the bulk. Although the perpendicular curvatures of the HB BCPs within the tape are two order of magnitude smaller than those of intramolecular interactions, their ellipticities are comparable to those of intramolecular interactions. It therefore appears that r-conjugation propagates through HBs. The reliability of our approach in describing HB interactions is testified by the excellent agreement recovered when comparing the experimental topological data of the L-alanine crystal, derived from a 23 K diffraction study" with the corresponding periodic Hartree-Fock data.36 Non-negligible ellipticities for HBs were also found in that case.
The effect of the choice adopted for the gas phase reference geometry on the observed changes in the electron density topological properties upon change of phase are summarized in the following. Figure 2 shows that changes in charge density, parallel curvature, and bond ellipticity values at the BCPs are predicted to be qualitatively similar by both the reference geometries considered. The only exception concerns the parallel curvature of the C-O bond, as a result of its marked dependence on bond length. However the value of the parallel curvature of C-O bond in OG urea, if evaluated at a distance from carbon corresponding to that of BCP in CG urea, amounts to 1.53 a.u., a value which is similar to the value of 1.49 in CG urea and significantly lower than the bulk value of 1.75. Figure 2 (a) apparently suggests that some of the BCPs displace in the opposite direction upon change of phase if OG instead of CG urea is taken as reference for the gas phase. This discrepancy is caused by the different bond lengths of the two molecules and is removed when a more careful analysis is made. Indeed, if RJR values instead of R, values, are compared (see Table IV ), the same trend for the directions of the BCP displacements are recovered for both reference geometries.
C. Properties of the Laplacian
The topology of the Laplacian field allows one to recover the chemical model of localized bonded and nonbonded pairs and to characterize local concentrations, vp<o, and depletions, V'p>O, of the electronic distribution.35,37 The Laplacian field of an isolated atom reflects the quantum shell structure by exhibiting a corresponding number of alternating shells of charge concentration and charge depletion, beginning with a region of charge concentration at the nucleus. Upon bonding, local maxima and minima are formed in the valence shell of a bonded atom and their number, type, location, and V2p value depend on the linked atom. A local charge concentration is defined by a maximum in -V*p, a (3,-3) critical point, whereas a local charge depletion within the VSCC is defined by a (3,+ 1) or a (3,+3) critical point. It has also been shown' that the local charge concentrations and depletions defined in this manner correctly predict the sites of electrophilic and nucleophilic attack, respectively, in a variety of systems.37 The predictions of structures and geometries of hydrogen-bonded gas phase complexes using the Laplacian of the charge density have been compared"* with those obtained from a number of other models. The Laplacian predictions were always in good agreement with the ab initio and experimental results, even in those cases where other models failed. Figure 3 displays the location and nature of the Laplacian CPs which are relevant to the discussion of changes occurring upon HB formation. Also reported in the same figure is the numbering (ID) of the different points whose properties are detailed in Tables V and VI. The atomic graphs-the graph denoting the connectivity of the maxima in the VSCC-for a tetrahedral and trigonal carbon atoms were reported in Ref. 39. Carbon in urea possesses three (3,-3) bonded maxima BM in the amide plane, one along each of the C-N bonds (ID 2,2') and another along the C-O bond (ID 1). Each of the C-N BM is then linked through two (3,-1) saddle points to the BM along the C-O bond (these ** Fig. 3 ). (3,-3) CPs in the VSCC of the amide nitrogen atom are reported in Fig. 3 and Tables V and VI. In addition to the in-plane bonded charge concentrations (ID 10-12) the nitrogen has two nonbonded maxima (NBM), one on either side of the molecular plane (ID 9,9'). Besides the single BM (ID 7) along O-C, the keto oxygen possesses two NBMs (ID 6,6') lying in the amide plane, according to the sp2 hybridization model. These NBMs are then linked to each other through two saddle points which lie above and below the molecular plane (ID 8,s'). Finally Fig. 3 reports the local charge depletions (ID 13, 14) which are found in the nonbonded regions of the hydrogens and which serve as Lewis acids or nucleophilic attack sites for HB formation. These hydrogen charge depletions are characterized by a positive Laplacian and correspond to (3,+3) Laplacian CPs in bulk and CC molecule, and to (3,+ 1) Laplacian CP in OG molecule. Tables V and VI show that noticeable changes in the Laplacian values are induced by the change of phase. We consider the keto-oxygen first and try to understand how it can form four HBs in bulk and why the two out-of-plane bonds turn out to be shorter and stronger than the two lying in the molecular plane. Generally the approach of the acidic hydrogen to the base will be such as to align the (3,+3) minimum in the VSCC of the hydrogen with the most suitable (3,-3) base maximum. The oxygen NBMs are the most electron rich region in the base and their negative Laplacian value (6.05 1 a.u. in CG urea) greatly exceeds the value of the other charge concentrations in the molecule, including those of the competing nitrogen NBMs (2.276 a.u.). The two (3,-l) saddles (ID 8, 8') interconnecting the oxygen NBMs are the second most electron rich regions in the molecule (3.704 a.u.) and they are seen as maxima by hydrogens approaching the oxygen VSCC in a plane which contains the C-O axis and is perpendicular to the molecular plane. HBs can thus be formed either approaching the (3,-3) NBMs or the two saddles interconnecting them. Both options are exploited in bulk urea and each oxygen turns out to be involved in four HBs. Accordingly the two NBMs decrease in value (5.669 a.u.) and the two saddles (ID 8, 8') (3.913 a.u.) increase by a similar amount upon change of phase. The oxygen VSCC changes in such a way as to form a torus of nearly uniform charge concentration in the oxygen nonbonded region. This behavior increases its ability to be involved in more than two HBs. The C-O bond loses some of its r character, a fact suggested also by the decrease of the bond ellipticity and by the decrease of the preferential accumulation of the oxygen charge in a direction perpendicular to the molecular plane (see the discussion on the atomic quadrupole moment components above). Denoting the oxygen NBMs as M and their associated saddles as S, the relative strength of the two kinds of HBs in bulk urea can be appreciated by comparing the angles C-O-M (103.6") and C-O-S (111.3) with the angles C-O-H7' (146.6) and C-O-H5' (106.7), respectively. As shown in Fig. 4 the saddles (A) are aligned much more efficiently with the He..0 axes than are the NBMS (m). Accordingly the HBs involving the saddles are shorter and stronger than those exploiting the NBMs, in spite of the greater -V2p and p values at the NBMs. This behavior is rationalized by considering that the saddles are more easily displaced from their molecular location than are the NBMs, since the position of the latter is strongly dependent on oxygen's sp2 hybridization. In fact the C-O-S angle in CG urea is significantly wider (121.7') while the C-O-M angle has practically the same width (103.7") compared to their corresponding values in the bulk. The charge depletion in the hydrogen VSCCs both increase in the bulk and again those associated with the stronger HB are better aligned with respect to the HB axis (Fig. 3) than are the other two. Another point should be mentioned. In OG urea the saddles (ID 8, 8') coalesce to one saddle lying in the molecular plane and this behavior, at variance with the case of CG urea, prevents the oxygen from being involved in more than two HBs. It appears that the lengthening of the C-O bond in bulk urea, with the accompanying loss of 7~ character of the bond and associated changes in the oxygen nonbonded regions, is a fundamental step for the creation of a three-dimensional network of HBs. This may be a quite general mechanism in the formation of hydrogen-bonded molecular crystals, and is the subject of a current investigation.@ The nitrogen VSCC is also considerably affected by HB formation. The two N-H bonded concentrations (ID 11, 12) are clearly differentiated in CG urea, the larger being associated with the longer N-H bond involving the hydrogen (H5) syn to the keto-oxygen. When geometrical relaxation is allowed, the two N-H bonds become nearly equal in length (Fig. I ), but the difference in their N-H bonded concentrations is almost entirely preserved in OG urea. Conversely, in bulk urea both charge concentrations increase, since, as a result of an increase of the N-H bond ionicity, they are more tightly bound by nitrogen (compare the changes in the critical point distances R, in Tables V and VI). The increase for the two charge concentrations is however of a different magnitude, as they become nearly equal in value. The gas-phase asymmetry in the N-H bonded charge concentrations is reduced by the involvement of both kinds of hydrogen in HB interactions. The two NBMs associated with the amide nitrogen lone pair decrease significantly in the bulk, from a -V2p value of 2.276 a.u. in CG urea to 2.022 a.u., owing to the keto-oxygen protonation and the related increase of the C-N rr bond character (see the discussion above regarding the increase of ellipticity and the decrease of parallel curvature for this bond).
The (3,-l-1) out-of-plane charge depletions (ID 5,s') of the amide carbon VSCC, which are known' as the preferred sites of attack by incoming nucleophiles, are not significantly affected by change of phase. They become slightly less charge depleted in the bulk but also more accessible to nucleophiles as their distance from the carbon nucleus increases from 1.079 (CG urea) to 1.090 a.u. The in-plane charge depletion (ID 3), which is associated in the gas phase with the less pronounced hole in the carbon VSCC -V2p=0.085 a.u. and which lies opposite the oxygen atom, becomes more charge depleted in the bulk and its -V2p=0.128 a.u. equals that of the out-of-plane depletions. Upon change of phase, the latter maintain their role of preferred sites of nucleophilic attack as they still lie significantly further from the carbon nucleus.
The Laplacian distributions of the OG and CG molecules are qualitatively similar, apart from the C-O region where they differ significantly (as was the case for the BCPs). The equalization of the N-H bonded concentrations and the decrease of nitrogen NBMs upon HB formation is a feature common to both reference molecules, notwithstanding the large difference of their N-H bond lengths. On the other hand, it has already been shown how lengthening of the C-O bond with the associated variation of the nonbonded Laplacian distribution for oxygen, permits oxygen participation in more than two HBs.
D. Atomic and functional group volumes
An atomic volume is defined as a region of space enclosed by the intersection of the atomic surface of zero flux and a particular envelope of the electron density.41 The corresponding functional group or molecular volume is then obtained by summing the volumes of the constituent atoms. Listed under the headings V, and V2 in Table VII are the volumes determined using the 0.001 and the 0.002 a.u. density envelope, respectively. In the case of a solid the atomic basins are obviously finite and the total basin volumes can also be evaluated. They are referred to as V, in the same table. We consider the comparisons of the molecular volumes first. The computed total molecular volume in the crystal (488.2 a.u.) reproduces quite satisfactorily the volume per molecule in the unit cell (489.5 a.u.) and the difference gives a measure of our volume integration errors. Under a change of phase from gas to solid, a general reduction of volumes is observed. This effect represents the reaction of the molecules to the intermolecular exchange forces. In fact the bulk volume is about 10% less than the gas phase volume if the V, values are compared, while the difference reduces to about 2% when the V, values are considered. The total molecular volume in bulk, VT, is very close to V, in gas phase (492.1 a.u., CG urea), with gas phase geometry optimization leading these quantities to even better coincidence (488.2 vs 487.3 a.u.). The V2 values in the gas phase amount on the other hand to only 80% of the bulk VT value. The ratio of the V2 and VI values is scarcely affected by geometry optimization in the gas phase, while it depends strongly on the phase. V2 is about 90% and 83% of VI in bulk and gas phase, respectively. Again this indicates that the molecular density dies off more rapidly in bulk than in the gas phase. The considerations reported so far do not apply to the individual atomic basins, but they do to the -CO and -NH2 functional groups. This suggests that the two groups behave as the whole molecule upon change of phase, in spite of substantial differential atomic size reorganization within the groups.
The individual atomic volumes are now discussed. In addition to the quantities already introduced, the volume per electron, W,=V,INn (X= 1,2,T), are also listed in Table  VII . The carbon in CG urea, being very positively charged (+2.54), is very small in size (VI= 19.9 au.) and has the lowest volume per electron (W,=5.7). The C atom represents only about 4% of the total molecular volume. Upon change of phase the carbon becomes less positively charged (+2.46) and its VI volume increases accordingly, to 21 .O a.u. The VI value nearly coincides with VT for carbon, owing to its high positive charge. The nitrogen atoms undergo an increase of volume upon change of phase and this result holds regardless of the density envelope used. The increase is due mostly to its increased number of electrons, since the volume per electron remains nearly constant as for carbon. In spite of its increased number of electrons, ANo=.092, from CG urea, the keto-oxygen undergoes a marked decrease in volume following HB formation as its V, volume in CG urea (132.2 a.u.) is lowered to 115.6 a.u. in bulk. Even VT (124.3 a.u.) becomes lower than the gas phase V, value. An inspection of the volume per electron values reveals that considerable charge contraction occurs in the oxygen basin, more than that of the molecule as a whole (86% vs 9 1% if CG urea is taken as .reference and the W, values are used). The largest decrease occurs however with the hydrogens. Upon HB formation, their V, and V, volumes are lowered to less than 70% and about 80%, respectively, of the corresponding gas phase values. The volume decrease of the hydrogens is not only due to their loss of electrons (Fig. 2 and Table I) but TABLE VII . Volume (a.u.) V, (X= 1, 2, T)a and volume/electron W,= Vx/Nn for atoms and functional groups in molecular and bulk urea. The experimental molecular volume in the bulk is 489.5 a.u. T, and V, refer to the volume of the atomic (or group) basin where the electronic charge exceeds 0.001 or 0.002 a.~., respectively. V, is the volume of the atomic basin defined by the surface given by Eq. (2), and is finite only for solid systems also to their 30% increase in average density. The decrease of the size of hydrogens involved in HBs is a well known42 from experiment, since the contact distance of the donor and acceptor atom in hydrogen bonded molecular crystals is practically identical to the sum of the van der Waals radii of acceptor and donor. A conclusion which is often drawn42 is that the van der Waals radius of the interleaving H atom is almost zero. It has been shown that upon formation of an intermolecular HB, the van der Waals envelopes of the hydrogen and base penetrate each other with an associated decrease in the volume of the complex with respect to the sum of the individual partners' volumes.33,38*41 They also demonstrates3 that the strength of the hydrogen bond correlates with the degree of interpenetration of the two van der Waals envelopes. As a measure of the extent of penetration they considered Ar, the difference between the non bonded radius of the hydrogen or of the base in the isolated molecule and the distance from the corresponding atoms to the HB CP (Rx, Table IV ). The nonbonded radius was defined as the average distance from the nucleus to the 0.001 a.u. contour, the nonbonded radii of hydrogens and oxygen in gas phase urea being 2.02 and 3.00 a.u. The corresponding Ar values are equal to 0.70 and 0.56 a.u. for the shorter HB and to 0.59 and 0.54 for the longer HB. As expected, the highest Ar values correspond to the shorter and stronger of the two kind of HB and their bond length difference results mostly from H.5 being penetrated much more efficiently than H7. The total interpenetration of the two van der Waals envelopes amounts, respectively, to 1.26 and to 1.14 a.u. The contraction of molecular volume upon change of phase from gas to solid is not the result of a general contraction of the individual atoms forming the molecule but originates from the dominance of the large contraction of the atomic basins directly involved in the HBs, with hydrogens contributing the most, over the small expansion of the remaining basins. The hydrogens in bulk urea maintain a non-negligible van der Waals radius, at variance with common thinking. This result is possible for the associated nearly equal decrease of the oxygen radius (at least for the longer HB). It has been shown4' that VI yields molecular sizes that are in agreement with those determined from the analysis of kinetic theory data for gas phase molecules, whereas V, yields molecular sizes that can be employed in describing the closer packing found in the solid state.41,43 For example, the molecular shape determined by the 0.002 a.u. contour has been used4 to rationalize the observed packing of 0, molecules in the cr phase of the solid. Figure 5 displays Vp trajectories (right) and electron density contour plots (left) in the molecular plane of OG urea (top) and bulk urea (bottom). The contour plots are overlaid with the two Vp trajectories which originate at each BCP These trajectories define the molecular structure (molecular graph). The molecular graph for bulk urea demonstrate that each oxygen atom is involved in four HBs, two within the tape (see Fig. l ), and two with neighboring tapes. Figure 5 also confirms the considerable decrease of the hydrogen atomic volumes accompanying crystallization. 
IV. CONCLUSIONS
The present work shows that upon change of phase from gas to solid, organic molecules undergo easily rationalizable variations in their atomic properties and in their electron density and Laplacian CP characteristics. The changes in topological and atomic properties with change of phase in urea are small. However they are greater (by more than one order of magnitude) than those typically found when comparing the properties of a given functional group or of a repeating unit in a series of different molecules.39 A rationale for the different lengths of the in-plane and out-of-plane HBs and for the associated lengthening of CO bond in bulk urea has been provided. Atomic volume changes have been evaluated; contraction of the oxygen and hydrogen atomic volumes has been related to mutual penetration of their van der Waals envelopes upon HB formation.
In previous work on ureai the effects of change of phase were discussed in terms of band structure, density of states (DOS) and charge difference maps. Some bands were rather flat, corresponding to molecular states only slightly perturbed by the crystalline environment. Other bands, and in particular those involving hydrogen atoms, exhibit considerable dispersion. The present results confirm that the solid state effects induce the greatest changes in the hydrogen charge distribution. However, we find variations in the oxygen and nitrogen VSCCs as well. Actually, a careful inspection of the DOS profilesI shows that nitrogen and oxygen atoms also contribute significantly to the bands exhibiting the largest dispersion. The present analysis agrees with the conclusion based on electron density difference mapsI that the crystalline environment favors more ionic charge distributions, the molecular dipole moment being found to be much larger in the bulk, the magnitude of all atomic net charges apart from carbon increasing. The C-N bond becomes more covalent, the remainder more ionic.
The present study, though restricted to one system, suggests that the QTAM is a very useful theoretical tool for the investigation of the nature of chemical interactions in periodic systems, enhancing our understanding of crystal field effects.
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